Abstract Our understanding of the spatio-temporal variability of sensible and latent heat fluxes over land has advanced slowly due to the absence of long-term measurements. To help address this, we produced a long-term heat flux dataset by using a land-surface model driven using observation-based atmospheric forcing. We then corrected the dataset using net radiation observations, and validated the corrected dataset using multiple-source measurements. The results indicate that the corrected dataset represents the variability of these two heat fluxes well on various time scales. Based on the dataset, analyses show that, during 1951-2008, sensible heat flux decreased significantly over China, with a linear trend of −0.04 W m −2 year −1 , while latent heat flux increased at 0.02 W m −2 year −1 . Regionally, the trends appeared more significant in north-east China, south-west China, and the Tibetan Plateau. On average, the Tibetan Plateau showed the maximum sensible heat flux, especially over the south-west region, with averages >100 W m −2 . Meanwhile, higher latent heat fluxes mainly covered the Yangtze-Huaihe river basin and southward, with averages >70 W m −2 . Regarding the response of heat fluxes to soil moisture, the variations of sensible and latent fluxes were more sensitive to soil moisture over dry regions (arid and semi-arid soil moisture zones), while the stronger anomalies for both fluxes occurred over wet regions (semi-humid and humid soil moisture zones).
Introduction
Sensible and latent heat fluxes, the energy exchanges between the land surface and the atmosphere, are characterized by important regional heterogeneity due to the influence from land-surface physical and biogeochemical processes, as well as atmospheric dynamic processes and vapour pressure deficits, which in return contribute to the shaping of local climate (Webb et al. 1980; Fuehrer and Friehe 2002; Kara et al. 2002) .
The responses of heat exchange to land-surface features and local climate have been studied for a long time. For instance, different types of underlying surface affect the spatial patterns of sensible and latent heat fluxes (Wendt et al. 2007 ). The land-surface wetness discontinuities generate mesoscale heat fluxes (which have a scale larger than turbulent motions) that are often more significant than turbulent heat fluxes and are especially much more efficient in transporting heat and moisture to the upper planetary boundary layer (Chen and Avissar 1994) . On the other hand, the feedbacks of heat fluxes on atmospheric processes have been increasingly recognized. For example, a low Bowen ratio influences cloud structure, tending to produce a lower cloud ceiling than the surrounding environment (Lewellen et al. 1996) . In terms of climatology, sensible heating over the Tibetan Plateau is an important forcing for the persistent rains in south-east China in spring; and furthermore, such thermodynamic processes can influence the atmospheric circulation and climate over North America and Europe by large-scale teleconnections (Duan et al. 2012) .
The above findings indicate that surface sensible and latent heat fluxes represent water and heat exchanges between the land and the atmosphere, and are strongly affected by local climate. However, numerous studies have shown that the global water cycle and radiative energy at the land surface have changed with global warming during the past decades (Stanhill and Cohen 2001; Held and Soden 2006) . In the context of global warming and dimming (Stanhill and Cohen 2001) , it thus far remains equivocal as to how sensible and latent heat fluxes have changed over China (Wang et al. 2010) . Therefore, a long-term dataset of sensible and latent heat fluxes is required to answer such a question.
However, in situ measurements are sparse and non-uniformly distributed across China, and consequently gridded flux products derived from empirical upscaling site measurements are unavailable for regions lacking observations (Jung et al. 2009 ). Since remote sensing is able to monitor the large-scale spatial variability of physical processes, it has been considered the most feasible means of providing spatial patterns of heat fluxes. However, the accuracy is questionable owing to retrieval complications (Wilczak et al. 1996; Liang 2007) . Regarding numerical estimates, the bulk aerodynamic method (Dyer and Bradley 1982; Businger 1988 ) based on Monin-Obukhov similarity theory (Monin and Obukhov 1954; Foken 2006 ) is most widely used within land-surface models and climate system models. Among models, the estimates show significant differences resulting from the diversity of parameters, parametrization schemes, and atmospheric forcing datasets (Zhu et al. 2012) .
In light of the progress made by existing studies, as well as the current challenges faced in this field, in the present study we made the widest possible use of observations to force a sophisticated land-surface model and produce a long-term dataset of surface heat fluxes. We then evaluated and corrected the modelled heat fluxes using multiple sources of observations. Having established and validated the dataset, we then carried out an analysis in an attempt to answer whether, in the context of global dimming (Stanhill and Cohen 2001) , surface sensible and latent heat fluxes over China have also been decreasing proportionately, or changing otherwise. We also analyzed the heat-flux variability at various spatio-temporal scales, and their response to dry-wet soil moisture zones across China.
Model and Data

Land-Surface Model
The surface sensible and latent heat fluxes were simulated using the CLM3.5 model for the regions of China. Despite many improvements in the newly developed version (Decker and Zeng 2009; Oleson et al. 2013) , we retain the CLM3.5 model for our analysis because of its rigorously calibrated and validated simulations of the hydrological cycle. Herein, we briefly present the description of radiation processes within the CLM3.5 model; for a more complete explanation, readers are referred to technical descriptions in the literature (e.g. Oleson et al. 2004) . The surface energy balance in the CLM3.5 model is represented as
where R net is net surface radiation, H is sensible heat flux, λE is latent heat flux [(W m −2 ), where λ denotes the latent heat of vapourization, and E is the water vapour flux (kg m −2 s −1 )], G is soil heat flux (W m −2 ), and F snow is the snow melting heat flux (W m −2 ). The surface net radiation is described as
which comprises vegetation (v) and ground (g) absorbed net solar fluxes ( S, W m −2 ) and net longwave fluxes ( L, W m −2 , positive towards the atmosphere). Solar radiation is conserved according to
where S v and S g are net solar fluxes absorbed by vegetation and the ground, respectively 
where L v is the net longwave radiation flux (W m −2 ) for vegetation and L g is the flux (W m −2 ) into the ground, L ↑ vg is the upward longwave radiation (W m −2 ) from the vegetation/soil system for exposed leaf and stem areas larger than 0.05 (dimensionless), L In the CLM3.5 model, according to Monin-Obukhov similarity theory, between the atmospheric reference height and the surface, the sensible heat flux H (W m −2 ) and latent heat flux λE (W m −2 ) are represented by
where ρ atm is the density of atmospheric air (kg m −3 ), C p is the specific heat capacity of air (J kg −1 K −1 ), θ atm is the atmospheric potential temperature (K), θ s is the potential temperature at the surface (K), q atm is the atmospheric specific humidity (kg kg −1 ), q s is the specific humidity at the surface (kg kg −1 ), and r ah and r aw are the aerodynamic resistances to sensible heat transfer and water vapour transfer (s m −1 ) respectively. Furthermore, for detailed derivations, solutions, and numerical implementation, see Oleson et al. (2004) .
Atmospheric Forcing and Land Data
There are, on the regional scale, still no specialized reanalysis products [(such as the North American Regional Reanalysis, NARR (Mesinger et al. 2006) ] available over China that make appropriate use of climatic observations. Furthermore, studies have suggested that uncertainties remain in reanalysis data, particularly when applied at regional scales, despite the central role played by reanalyses in current climate change research (Bosilovich et al. 2008) .
In this context of poor climatic data availability, we constructed an observation-based atmospheric forcing dataset (hereinafter referred to as ObsFC) by applying the in situ observations from the China Meteorological Administration. The ObsFC dataset consists of four state variables (air temperature, atmosphere pressure, wind speed, and specific humidity) and two flux variables (precipitation and radiation). Its horizontal resolution is approximately 0.5 • × 0.5 • , with temporal resolution of 3 h and a data span of 58 years from 1951 to 2008. The radiative fluxes were derived from Princeton's dataset (Sheffield et al. 2006) , because of the short time span and sparse spatial distribution of observations. The comparisons between simulations utilizing the ObsFC dataset and reanalyses indicated that the ObsFC dataset is helpful in realistically reproducing the land water cycle components in China; these details of the forcing construction, quality checking, and simulation validation are described in Li and Ma (2010) and Li et al. (2011) .
In addition, we used the default land-surface data released with the CLM3.5 model, which includes topography, soil properties, plant functional types, vegetation physiological parameters, and land use, as described in Lawrence and Chase (2007) , in which Moderate Resolution Imaging Spectroradiometer (MODIS) data are largely utilized.
Ground-and Satellite-Based Observations
Surface net radiation data used to validate and correct the modelled net radiation were derived from operational measurements of the China Meteorological Network (CMN) (http://www. cma.gov.cn/en/). This network comprises 46 sites and covers the period 1993-2008 (one year of data is missing at five sites and is replaced by averaged values of the two nearest years in each case).
We collected special observations of surface sensible and latent heat fluxes throughout the summer (June-July-August; JJA) of 2008 at 15 in-situ stations (Fig. 1) , and for another extended period from 2002 to 2006 at Tongyu station. These sensible and latent heat fluxes were measured with an eddy-correlation system that was calibrated regularly and operated consistently according to standard specifications; furthermore, the measurements were subjected to the same quality-control method. We obtained gridded datasets derived from the global network of eddy-covariance towers (FLUXNET) and the Moderate-Resolution Imaging Spectroradiometer (MODIS); namely, gridded FLUXNET (Jung et al. 2009 ) and MOD16 (Mu et al. 2011) , which cover the periods 1982-2011 and 2000-2012, respectively.
Results and Discussion
Correction of CLM-ObsFC Simulations
Considering the effects of the hydrological cycle along with deep soil on heat fluxes, the CLM3.5 model was run for 108 years by repeating the 1951-2000 period. Then according to the surface energy balance (as Eq. 1) we indirectly evaluated the heat-flux simulations by comparing the simulated net surface radiation (sum of H, λE, G, and F snow ) to in situ measurements (Fig. 2a, b) . The results revealed that, in terms of the 1993-2008 means, the spatial pattern of CLM3.5-ObsFC simulations agreed well with the measurements, but the spatial patterns for linear trends were largely inconsistent between the two. On the basis that such deviations can usually be attributed to the bias from the radiation forcing input data, we corrected the simulation trends against those of measurements from 1993 to 2008, and then further corrected the 1951-1992 means based on the corrected values for the 1993-2008 period (the corrected dataset is referred to as the C-CLM3.5-ObsFC dataset).
The comparisons between the Cressman objective analyses (Cressman 1959) for observed means and trends and those for corrected data over the 1993-2008 period (figures not shown) suggested that the corrections can reproduce the observed spatial characteristics of means and linear trends, with spatial correlation coefficients of 0.71 and 0.89 (probability value, P < 0.001), respectively. 
Comparisons of Corrected Flux Simulations to Observations
On the daily time scale, we evaluated the C-CLM-ObsFC dataset with in situ measurements, by comparing daily means of grid-averaged model fluxes with in situ measurements for summer 2008 at 15 sites (the same locations as in Fig. 1 ). The vegetation types over which the instruments were located, the surroundings of the sites (approximate extent of 0.5 • × 0.5 • ), and the plant functional types (PFTs) for the corresponding CLM grid cells are listed in Table 1 . Figure 3 shows that the trends of observations and simulations were in good agreement for half of the sites, such as for Arou (sensible heat flux), Changwu, Dongsu, Miyun, Naiman, Tongyu (both cropland and grassland), and Xinglongshan, although fluctuations of the time series were not totally in phase. The inconsistencies seen for the other sites mainly resulted from the land-use mismatch between sites and grid cells, but also the limited representativeness of in-situ observations to the areal average because of the complex land uses (as noted in Table 1 ). Fortunately, we set out to focus on the longer-term variability of sensible and latent heat fluxes, so this lack of ability of the model on the daily scale mattered less.
The comparisons between measurements and simulations for Tongyu (both cropland and grassland stations) over the 2002-2006 period (figures not shown) showed, on a monthly time scale, the simulations captured the seasonal to inter-annual oscillations well. Regarding annual variability, because of the limitation of observations available, we compared the simulations to the widely used MOD16 and FLUXNET datasets. Figure 4 illustrates that, overall, the annual means of the C-CLM-ObsFC dataset latent heat fluxes agreed well with both MOD16 (for [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] and FLUXNET variations (for 1982 FLUXNET variations (for -2008 , with the latter showing closer agreement than the former. In particular, the high level of consistency throughout 1982-2008 between the C-CLM-ObsFC dataset and FLUXNET latent heat flux annual means provided support for the extended corrections made for the 1982-1992 period. In summary, the above evaluations underpin the following analysis.
Spatial and Intra-Annual Variability of Heat Fluxes
The spatial pattern of annual means (Fig. 5) for sensible heat fluxes is characterized by a maximum over the southern Tibetan Plateau, followed by eastern north-west China; the lower a Vegetation fraction includes four main types, which are ≥5 %; 'not vegetated' includes bare land and urban areas; C3/C4 denotes a plant that utilizes the C3/C4 carbon fixation pathway Fig. 3 Comparisons of the corrected sensible and latent heat fluxes simulated by the CLM3.5 model to the daily in situ measurements at 15 eddy-covariance observation sites for summer (June-August) 2008. H is the sensible heat flux, λE is the latent heat flux, and the sample is a daily average of the H or λE at each site values are located mainly over the Sichuan Basin, middle and lower reaches of the Yangtze River, and the high latitudes. The spatial characteristics of sensible heat flux and net surface radiation resemble one another, which is linked to local altitude, atmospheric transmissivity, and surface albedo. In terms of seasonal variability (figures not shown), due to sunshine duration, the sensible heat flux averaged over China is highest in summer (JJA), lowest in winter (DJF), and intermediate in spring and autumn (spring higher than autumn). Spatially, eastern north-west China possesses a relatively high magnitude of sensible heat flux, especially the southern Tibetan Plateau, which has the highest sensible heat flux throughout the four seasons. Regarding intra-annual variability for various regions in China (figures not shown), east China has the largest range (82 W m −2 ), followed by north-west China (78 W m −2 ), central China (77 W m −2 ), south China (75 W m −2 ), north China (68 W m −2 ), north-east China (65 W m −2 ), and south-west China (48 W m −2 ) (see Fig.1 for locations) . λE (1982-2008) averaged over seven sub-regions (Fig. 1) . Blue lines denote fitting lines, and black lines the 99 % confidence intervals. λE is latent heat flux and R 2 is coefficient of determination and P the probability value Latent heat flux (Fig. 5) , in terms of the 1951-2008 annual means, is relatively high over the regions with high soil moisture (the middle and lower reaches of the Yangtze River), as they are over sunny South China, and lower over dry areas; across semi-arid regions, the latent heat flux is somewhere between these magnitudes. In terms of intra-annual variability for the seven sub-regions (figures not shown), the range of 44 W m −2 in north-east China is the largest, while the smallest is north-west China with 19 W m −2 . The other regions are: north China (42 W m −2 ), east China (42 W m −2 ), central China (39 W m −2 ), south China (39 W m −2 ), and south-west China (25 W m −2 ). These results suggest that the intra-annual changes are generally larger over eastern China than western parts.
The above analysis shows that the upward surface fluxes possess significant seasonal variability, and likewise Fig. 6 shows the important spatio-temporal variability of maximum sensible and latent heat flux months and values. The earliest appearance of a sensible heat flux maximum is from April through June over eastern north-west China, the Tibetan Plateau, and parts of the Yungui Plateau; followed by July over western north-west China, north China and parts of north-east China; and lastly August, covering the upper and middle reaches of the Yellow River, the Yangtze River basin, and southward. The maximum value appears over high altitudes, such as the Tianshan Mountains and the Tibetan Plateau, with values above 110 W m −2 , which decreases eastward reaching 90 W m −2 .
The earliest maximum latent heat flux occurs over the Yungui Plateau in April with values between 70 and 80 W m −2 , followed by most parts of north-east China in May, north China and parts of the Tianshan Mountains and the Tibetan Plateau in June, and most parts of northwest China and south of the Huaihe river in July. The latest maximum month appears over the western Tibetan Plateau and the western part of Inner Mongolia in August. In terms of the spatial variations, the maxima of latent heat flux increase gradually from the north-west to the south-east, with values from 10 W m −2 in the north-west to greater than 100 W m −2 in the south-east.
Long-Term Variability of Heat Fluxes
The sensible heat flux generally exhibits negative trends over most parts of China from 1951 to 2008 in terms of linear trends (Fig. 7) , particularly over north-east China and south-west China. Significant positive trends occur only in a few parts of north-west China, and the Huang-Huai area. Conversely, the latent heat flux appears as a positive trend over most areas of China over the same period, except for negative trends in a few parts of north-east China and the Huang-Huai area. Significant (at the 0.05 significance level) positive trends cover most parts of north-east and south-west China, and the Tibetan Plateau.
The time series for sensible heat flux in the sub-regions (Fig. 8) show the regional mean values consistently demonstrate negative trends in the period 1951-2008, with a maximum linear slope of −0.12 W m −2 year −1 in north-east China; non-significant slopes are found for north-west China, central China, and south China only. The areal average for the whole of China decreases with a linear trend of −0.04 W m −2 year −1 .
On the contrary, the latent heat flux for the whole of China increases with a linear slope of 0.02 W m −2 year −1 during the same period, and also with significant slopes of 0.02, 0.02, and 0.03 W m −2 year −1 in north-east, north-west, and south-west China, respectively. The sensible and latent heat fluxes show sharp changes during the 1980s and 2000s, owing mainly to anomalies of precipitation and radiative inputs. Given that surface energy partitioning is coupled with the water cycle, investigating the variability of surface heat fluxes across dry-wet climate zones is essential to understanding their regional characteristics of feedbacks between upward fluxes and surface dry-wet conditions. Therefore, we divided China into four dry-wet climate zones (arid, semi-arid, semi-humid, and humid) using soil moisture criteria by referring to precipitation-based division patterns (Fig. 9a) .
The time series of sensible and latent heat fluxes (Fig. 9b, c) show that the two variables vary with opposite phase over the four zones before the 1980s, and from then on they maintain an opposite phase for the semi-humid and humid zones, but change to the same phase for the semi-arid and arid zones. Furthermore, the 11-year running means show sensible heat fluxes to decrease over three of the four zones, along with increased latent heat fluxes; but over the Regarding the response of the two fluxes to soil moisture, the variations of sensible heat flux are mostly consistent with soil moisture within the semi-arid zone, with a correlation coefficient of 0.73, while for latent heat-flux variations the consistency with soil moisture variations is closest within the arid zone, with a correlation coefficient of 0.81. However, for sensible and latent heat fluxes, the weakest connection to soil moisture occurs within the humid zone, with correlation coefficients of 0.18 and 0.03, respectively.
According to standard deviations within the four zones, sensible heat fluxes for the humid zone have the strongest inter-annual variation, arid and semi-arid zones the weakest, and the semi-humid zone between the two, with standard deviations of 2.4, 1.6, 1.6, and 2.0 W m −2 , respectively. Meanwhile, latent heat fluxes vary with the largest standard deviation (1.2 W m −2 for both) within the humid and semi-humid zones, while in the semi-arid and arid zones the values are 0.8 and 0.5 W m −2 , respectively.
In terms of both time series and spatial patterns of standard deviations (figures not shown), surface heat fluxes fluctuate over the humid regions with ranges five times larger than those over arid regions. Therefore, the important oscillations of latent heat exchanges between atmosphere and land are located over the Huang-Huai area, lower reaches of the Yangtze River, and parts of south China; while for sensible heat exchange, the sensitive areas are mainly located over north-east China, the Huang-Huai area, south China, the Yungui Plateau, and the Tibetan Plateau.
Summary and Conclusions
We focused on the long-term spatio-temporal characteristics of sensible and latent heat flux variability, and their responses to soil moisture content, over China. This was achieved through using a land-surface model (CLM3.5) driven by an observation-based atmospheric forcing dataset, for which we corrected the modelled heat fluxes using in situ net surface radiation, and validated the results using multiple-source observations. Based on the analyses, we found that:
(1) The sensible heat flux changes presented negative trends from 1951 to 2008, but the latent heat flux changed generally with positive trends. Regionally, consistent sensible and latent heat flux decreasing occurred mainly in the areas of eastern China. (2) The Tibetan Plateau showed maximum sensible heat flux, especially over south-western parts, with means of >100 W m −2 , which was much higher than elsewhere at similar latitudes. Meanwhile, the higher latent heat fluxes mainly covered the Yangtze-Huaihe river basin and southward, with means of >70 W m −2 ; but in arid north-west China, the fluxes fluctuated at low levels, with means of <10 W m −2 . On the other hand, both sensible and latent heat fluxes fluctuated more significantly over the south-east of China, with standard deviations of 5 and 4 W m −2 , respectively. While, within arid north-west China, the standard deviations for both fluxes ≈ 1 W m −2 . (3) The variations of sensible and latent fluxes were more sensitive to soil moisture over dry regions (arid and semi-arid soil moisture zones); while for both fluxes, the stronger anomalies occurred over wet regions (semi-humid and humid soil moisture zones). (4) The significant variations in sensible heat flux occurred mainly in north-east China, the Huang-Huai area, south China, the Yungui Plateau, and the Tibetan Plateau. Those in latent heat exchanges occurred mainly in the Huang-Huai area, lower reaches of the Yangtze River, and parts of south China and the south-east Tibetan Plateau.
